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MembranesCells have evolved increasingly complex membrane systems for compartmentalization and thereby for the
regulation of multiple cellular pathways. The existence of such membranes required the evolution of
molecular machines that allow and regulate the exchange of material between intracellular compartments or
with the exterior. Here, we have summarized the current concepts for the origin and evolution of the
targeting and translocation systems required for the speciﬁc insertion of transmembrane proteins into their
target membranes and for the transport of protein cargos across membranes. The basic pathways developed
in prokaryotes were modiﬁed and extended to sufﬁce for the much more complex membrane systems found
in eukaryotes, allowing not only the identiﬁcation of basic mechanistic principles, but also phylogenetic
studies to elucidate evolutionary relations.eomics, Department of Bios-
ue Str. 9, D-60438 Frankfurt,
leiff).
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
Cells require membrane systems to allow chemical reactions to
take place under deﬁned conditions within enclosed compartments.
Conversely, to control and regulate the concentration of substrates
and products and to allow their exchange, regulable channels are
required in these membranes. Thus, protein translocation across and
integration into membranes is important for all cells. In the last three
decades signiﬁcant advances in the understanding of the translocation
pathways and machineries have been made. Mechanistic models for
the individual translocation systems have emerged and the regulation
of these processes is being analyzed. Multiple research groups have
investigated the energetics and mechanistics of translocation, largely
focusing on individual protein translocation machineries [1–5]. Only
in recent years several people have stepped back and developed
general models of protein translocation [6–8], but mostly from the
mechanistic perspective. In this review we draw the attention to the
evolutionary origin and development of the targeting and transloca-
tion systems, in order to understand how these systems have evolved
in prokaryotes and how eukaryotes made use of them in the evolution
of the endomembrane systems.2. The evolution of prokaryotic transport routes
Half a century ago, stable membranes were proposed as a
prerequisite for the evolution of cellular systems. This idea was
further developed by Szostak and coworkers [9], for example, who
proposed a protocell comprising an RNA replicase inside a self-
replicating vesicle. This model assumed either the association with
free lipids or fusion with empty vesicles, as a driving force for “self-
replication” of vesicles. Division was presumably enforced by
environmental shearing forces or simply by the thermodynamic
instability of large vesicles. Alternative models for the universal
ancestor have been proposed, including those of a mineral-sur-
rounded geochemical reactor by Russel and Martin [10]. Whether
membranes were directly involved in the formation of life or
subsequently evolved to transfer the reaction from a hot spring to a
more suitable thermal environment, it is beyond doubt that
membranes occurred rather early in the evolution of life. At the
same time, the membrane represented a disadvantage for further
development, however, by limiting interaction with the environment
and the supply of nutrients required for “cellular development,”
even though pure lipid layers exhibit permeability for some
substances [e.g. 11]. The solution was the formation of holes in the
membrane formed by selective pores. This was the birth of a novel
fundamental cellular problem—getting proteins to, across and into the
lipid environment. Pohlschröder and colleagues [12] have presented
the hypothesis that proteins initially integrated spontaneously into
the membrane (Fig. 1, status 1). This represented a challenge to the
cellular system, since only very short and hydrophobic polypeptides
can be inserted into membranes by the spontaneous insertion
pathway [13,14]. The translocation of fully synthesized proteins
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Hence, early on in evolution translocation might have required that
translation by ribosomes was localized to themembrane (status 2). To
overcome this problem, a chaperoning system of the Oxa1/YidC/Alb3
type [15] (the nomenclature considers the mitochondrial/bacterial/
chloroplast protein of this family) evolved for the insertion of
membrane proteins (status 3). It was hypothesized that all other
translocation systems of the plasma membrane including the SEC and
the twin arginine translocation (TAT) systems evolved subsequently
[12]. The idea that a protein of the Oxa1/YidC/Alb3 family
represented the ﬁrst “receptor” for translating ribosomes is supported
by the fact that both, YidC from Escherichia coli and Oxa1 from
Saccharomyces cerevisiae were found to interact with 70S ribosomes
or ribosome-nascent chain complexes independent of other receptor
components [e.g. 16]. YidC is a single-component and could thus
represent a very simplistic translocon, whereas the SEC complexFig. 1. The evolution of the translocation systems in prokaryotic membranes. The regulation
pore-forming proteinaceous components. Insertion is thought to have initially occurred spo
larger hydrophilic domains, the integration of polytopic proteins and the speciﬁcity of the in
insertion into the membrane (status 2). To accelerate this process, a chaperoning YidC-like s
of polytopic membrane proteins, the ancestral SEC complex (status 3’). The latter complex w
second membrane layer enforced the development of insertion pathways for outer membra
formation of the outer membrane, the export of either unfolded or cofactor-bound proteins w
export of folded proteins and possibly by an ancestral role of the SEC system. In addition
translocation by the SEC complex. Initially, trigger factor itself might have been the chaperon
the proteobacterial SecB chaperone ensured the delivery of substrates in an unfolded state.
pathways, leading to the translocons known today (status 4). CY, cytoplasm; OM, outer m
particle receptor; SRP, signal recognition particle; TF, trigger factor; TMD, transmembranerequires at least two components (see below). Consistent with an
initial function of YidC in ribosome recognition, Funes and coworkers
discovered that in Gram-positive bacteria and eukaryotes YidC
isoforms for co- and post-translational functions evolved indepen-
dently after gene duplications [17].
SecYE is considered as minimal SEC translocon with the capacity for
protein translocation across the plasmamembrane [18]. Even though it
was suggested that the SEC complex evolved subsequent to the Oxa1/
YidC/Alb3 protein [12], the SEC machinery could also have evolved in
parallel to YidC (Fig. 1, status 3’). Almost all components of the SEC
translocon can be found in the sequenced genomes, with the exception
of SecG (Fig. 3). Here, we have analyzed whether the different SEC
components and YidC occur in bacteria of distinct phyla. The phylawere
chosen based on the branching proposed by Cavalier-Smith (Fig. 2) [19].
We identiﬁed sequences with similarity to SecY, SecG, and YidC in e.g.,
Dehalococcoides sp. of the phylumChlorobacteria,which is considered toof nutrient uptake by the membrane-surrounded ancestral cell required the insertion of
ntaneously (status 1), which would have been unfavorable in respect to the transfer of
sertion. Thus, it is rational to assume that translation might have been coupled with the
ystem has evolved (status 3), possibly in parallel with a system ensuring the integration
as the target of translating ribosomes for co-translational insertion. The formation of a
ne proteins, including, the Omp85 protein (status 4). In parallel or even preceding the
as required. These requirements weremet by the development of the Tat system for the
, proteins to be secreted in an unfolded state were targeted to the translocon before
e involved, and even co-translational targeting might have existed. The involvement of
Subsequent evolution added additional but mostly regulatory components to the initial
embrane; PM, plasma membrane; PP, periplasm; R, ribosome; SR, signal recognition
domain.
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evolved (Fig. 2) [19]. This observation supports the model that both
systems evolved in parallel. However, it has to be considered that the
ancestral YidC and SEC complex acted independently of each other. In
linewith this notion, the periplasmic domain of YidC that interactswith
SecF [20] is not present in YidC-like sequences of bacteria of the phyla
Chloroﬂexi, Cyanobacteria or Firmicutes (Figs. 2 and 3) [21]. It was
further noticed that this domain is absent from the archaeal YidC
homologues, which share only a very weak sequence similarity to the
proteobacterial proteins [21]. In addition, Zhang and coworkers recently
reported that they could detect YidC in only seven out of 45 analyzed
archaeal species (not included in Fig. 2) [22], which is consistent with
the notion by Albers and colleagues that YidC can only be found in
euryarchaeota, but not in crenarchaeota [23]. Whether the proposed
absence of YidC is a result of the low sequence similarity between the
proteins, as indicated by the long phylogenetic distances even between
the YidC homologues of archaea [22], or whether they are really absentFig. 2. The rooted tree of life. The evolutionary relation of the species discussed in this review
cyanobacteria not all species given in Fig. 6 are indicated (the phyla are marked by an *). Gre
**) are not speciﬁcally discussed in the main text.remains unclear and biochemical support for their function in protein
translocation is still lacking.
While analyzing the available YidC sequences we noticed an
additional N-terminal domain in Proteobacteria and bacteria of the
phylum Deinococcus-Thermus (Fig. 3). This N-terminal sequence is
conserved in proteins of the bacterial phylum Deinococcus-Thermus
or Proteobacteria, but does not show a similarity between the two
phyla. Therefore, it is very likely that this N-terminal domain
originated independently by convergent evolution. It should be
mentioned that in bacteria of the phylum Deinococcus-Thermus, e.g.
Meiothermus silvanus (Fig. 3), Thermus thermophilus, or Deinococcus
deserti, SecDF exist as a fusion protein and hence it cannot be excluded
that the N-terminal domain of YidC has evolved in order to allow
interaction with the SEC translocon. This still supports the conclusion
of late development of an interaction of YidC with the SEC translocon
and further support the idea of an initial parallel but independent
function.is shown according to branching deﬁned in [19], [78] and [188]. For proteobacteria and
en dinoﬂagellates, Chlorarachniophytes, Euglenophyta, and Actinobacteria (marked by
Fig. 3. The evolutionary occurrence of YidC and components of the SEC translocon. We have analyzed the occurrence of YidC and of the transmembrane SEC components using the
proteobacterial sequence as bait for the initial blast search at http://www.ncbi.nlm.nih.gov. Only sequences that revealed the bait as best hit in the reverse blast were considered. The
values for identities and similarities were obtained using the EMBOSS Pairwise Alignment Algorithm [189] with standard settings for EMBOSS::needle(global) at http://www.ebi.ac.uk/
Tools/emboss/align. The color code for the components analyzed is given on the top left. The analyzed phyla are shown on the top right; branching is according to the tree of life shown in
Fig. 2. For eachgroupofproteins the sequence length is givenasbar diagram. In thephylumDeinococcus-ThermusSecDF is a gene fusion. Theblue line indicates that SecG isnot found in the
available genomes of bacteria of the phylum Chloroﬂexi. The numbers left from the diagonal give the percentage of similarity and the numbers right from the diagonal the percentage of
identity. Asp., Anabaena sp. PCC 7120; Cbot, Clostridium botulinum Bf; Cdif*, Clostridium difﬁcile 630;Dsp.,Dehalococcoides sp. VS; Ecol, Escherichia coli;Msil,Meiothermus silvanusDSM 9946.
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across the membrane. The notion that the TAT machinery evolved
subsequent to the SEC and YidC translocon [24] is still regarded as an
attractive model, since the insertion of proteins in the plasma
membrane can be expected to have preceded the requirement for
translocation of proteins into the periplasmic space. Whether the Tat
translocon is composed of a receptor complex involving TatB and TatC
besides the pore-forming component TatA is still under discussion
(Fig. 4A) [25–27]. TatA and TatB have an N-terminal transmembrane
domain followed by an amphipatic helix, whereas TatC contains six
membrane spanning helices [28]. TatA and TatC are present in all ﬁve
phyla analyzed [29,30], while TatB can only clearly be assigned in
bacteria of the phyla Chloroﬂexi, Firmicutes and Proteobacteria. In
contrast, even though two TatA/B isoforms exist in bacteria of the
phyla Deinococcus-Thermus and Cyanobacteria, their assignment to
either TatA or TatB is rather difﬁcult (two examples are listed in
Table 1). In Deinococcus radiodurans, for example, one isoform is
clearly related to TatA, but the assignment of the other one is rather
uncertain. In Cyanobacteria such as Anabaena sp. PCC7120 both are
more closely related to TatA than to TatB. One explanation for this
duplication might be the localization of the Tat system in the plasma
and thylakoid membrane. Furthermore, the high sequence similarity
between TatA and TatB explains the long branches observed by Yen
and coworkers while calculating the phylogenetic relation of TatA/Bsequences [29]. TatA might have been the initial translocon with
subsequent development of the receptor complex formed by TatBC
[e.g. 25].
Based on the similarity of TatA and TatB and on their existence in
the phylum Chloroﬂexi, it can be suggested that both proteins evolved
from the same ancestor, a TatA-like molecule. Settles andMartienssen
suggested SecY as this ancestor [24]. We did not ﬁnd a strong
similarity between TatA/TatB/Hcf106 (the latter is the plant
homologue of TatA/TatB) transmembrane sequences to helix four of
SecY, but to helix six or eight (Fig. 4B and C) [18,31]. This is consistent
with the original proposal that the soluble domain of Hcf106 shares
similarity with the loop between helix 8 and 9 of SecY [24]. The
observed similarity (Fig. 4D), however, has to be taken with care as
two membrane-inserted/bound regions are compared. We therefore
consider, alternatively to the proposal of Settles andMartienssen [24],
whether SecY and TatA might have a common ancestor, instead of
TatA being an offspring of SecY.
Besides translocation systems localized in the membranes speciﬁc
targeting systems had to evolve to warrant the proper localization of
substrate proteins. The simplest explanation for the development of
the SEC translocation system is that hydrophobic polytopic proteins
would be prone to misfolding when fully synthesized in the cytosol.
Hence, it is not surprising that the cytosolic targeting system evolved
as early as or perhaps even earlier than the translocation pore itself
Fig. 4. The evolution of TatA revisited. A scheme indicating the topology of TatA, TatB and TatC is shown in (A). 25 TatA sequences (5 of each phylum) were pairwise aligned to 25 SecY
sequences (5 of each phylum) using the EMBOSS Pairwise Alignment Algorithm. The positions in SecY that TatA aligned to were counted and the 25 SecY sequences then aligned using
MAFFT (http://www.ebi.ac.uk/Tools/mafft) [190], followed by calculation of the number of TatA sequences aligned to the corresponding positions (B). Yellow shows the count of all
alignments; blue the count of alignments with at least 3% identity and 10% similarity and red the count for all alignments with at least 5% identity and 15% similarity. The determined
positions are highlighted on the SecY structure of Thermus Thermophilus (C; pdb: 2ZJS) [18]. Region 1 composed of helix 6 and the two surface-exposed sheets is highlighted in green and
region 2 composed of helix 8 and the N-terminal surface-exposed portion of helix 9 in blue. (D) The best aligned region between sequences of SecY (Region 1, SecY1; region 2 SecY2)with
TatA and TatB including one sequence of the plant Hcf106 family is shown for one representative of each phylum analyzed. At the bottom, the topological model for TatA from E. coli is
shown [according to 191]. TM represents the transmembrane domain and APH an amphipathic α-helix which is associated with the membrane.
Table 1
Comparison between proteobacterial, cyanobacterial and Deinococcus-Thermus
sequences of TatA and TatB.
TatA TatB aa
Escherichia coli TatA — 89
TatB 11.0%/I — 171
23.8%/S
48.8%/G
Anabaena
sp. PCC 7120
Asl0845 25.8%/I 15.0%/I 90
52.6%/S 30.6%/S
15.5%/G 49.1%/G
Asr3878 16.9%/I 6.2%/I 93
28.5%/S 14.8%/S
60.0%/G 73.7%/G
Deinococcus
radiodurans R1
DR_0292 21.4%/I 22.8%/I 117
37.6%/S 38.0%/S
23.9%/G 31.6%/G
DR_0805 17.4%/I 10.8%/I 132
32.6%/S 23.2%/S
39.9%/G 50.7%/G
The pairwise alignment was generated at http://www.ebi.ac.uk/Tools/emboss/align/
index.html and the percentage of identity (I), similarity (S) and gaps in the alignment (G),
as well as the amino acid length of the analyzed sequences are listed.
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membrane. All genomes analyzed so far contain at least one gene
encoding Ffh (termed Srp54 in eukaryotes; Fig. 1, status 3’) and a
second coding for a RNA molecule, which together form the most
primitive form of the signal recognition particle (SRP) [32,33]. This
RNA–protein complex recognizes the secretion signal of the nascent
chain on the translating ribosome and drives the transport of the
ribosome to the plasma membrane. It has been hypothesized that
“SRP may have evolved as an early means for RNA-based primordial
ribosomes to deal with greasy polypeptide chains” [34]. Ffh
would function to chaperone the insertion of newly formed proteins
into the membrane. Hence, the existence of an ancestral SRP preceding
the SEC translocon was suggested. Ffh itself is a GTPase with a so called
M-domain that is sufﬁcient both for the interaction with hydrophobic
polypeptides, such as the signal sequence [35], and with the RNA
molecule of the SRP [36]. Even in the absence of evidence, it is
likely that the original Ffh consisted just of the M-domain and that the
G-domain-containing receptor evolved later. The receptor FtsY that
recognizes SRP (termed SRα in eukaryotes) is present in all available
genomes [37]. Ffh and FtsY could have originated by gene duplication
[38], which is consistent with the idea of FtsY being an offspring of Ffh
(Fig. 1, status 4) [34]. Alternatively, both receptors might even have
Fig. 5. The occurrence of the prokaryotic chaperoning components. We have analyzed the occurrence of chaperones involved in translocation as described in Fig. 3. The color code for
the components analyzed is given on the top left. For each group of proteins the sequence length is given as a bar diagram. The blue line indicates the absence of the analyzed
sequence in the corresponding phylum. The occurrence of SurA in few genomes of bacteria belonging to the phylum Chloroﬂexi is discussed in the text. Asp., Anabaena sp. PCC 7120;
Cdif, Clostridium difﬁcile 630; Dsp., Dehalococcoides sp. VS; Ecol, Escherichia coli; Haur*, Herpetosiphon aurantiacus ATCC 23779; Msil, Meiothermus silvanus DSM 9946.
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comes from structural similarities between the homodimeric FlhF from
Bacillus subtilis and the Ffh-FtsY complex [39]. These three proteins
share sequence similarity within their GTPase domain [40] and belong
to a GTPases family (annotated as signal recognition particle,MinD and
BioD; SIMIBI), which generally function as dimers [37]. In contrast to
Ffh, FlhF does not contain an M-domain. If one assumes that Ffh and
FtsY originated from a dimerizing GTPase, such as FlhF, gene
duplication might have been followed by fusion of the GTPase with
the M-domain leading to two distinct proteins. The advantage of this
fusion would have been that the ancestral GTPase might have already
been associated with themembrane, assuming an evolutionary relation
of FlhF and the ancestral GTPase [41]. This would have been
advantageous, allowing an accelerated rate of protein translocation.
Subsequent divergent evolution of the two GTPases would have
resulted in the specialized membrane associated receptor FtsY and
soluble Ffh, the latter having lost its capability to interact with the
membrane by itself. Unfortunately, experimental evidence addressing
these questions is scarce.
A furthermilestoneof cellular evolutionwas the formationof theouter
membrane as a second protective layer. This membrane increased the
complexity of the cellular system by creation of the periplasmic space as
another reaction chamber. In parallel to the newly acquired need for
protein secretion due to the occurrence of the outer membrane, two
additional factors ensured the transport of secretedproteins to the surface,
namely SecB and trigger factor (Fig. 1, status 4). SecB resembles achaperone and was considered a proteobacterial invention [42,43].
However, SecB related sequences can also be found in endobacteria
such as Clostridium difﬁcile (Fig. 5). This prompted us to inspect the
genomes available at present for sequences with relation to SecB.
Remarkably, SecB-like sequences can be found in Planctobacteria,
Spirochaetae, Sphingobacteria, Eurybacteria and Endobacteria (Fig. 6)
while no such sequences could be identiﬁed in Cyanobacteria, Hadobac-
teria or Chlorobacteria. Following the tree of life suggested by Cavalier-
Smith [19] SecB has evolved before the eurybacteria separated from the
branch leading to Proteobacteria (Figs. 2, 5, and 6). This does not exclude
that SecB has evolved earlier than this, however, then a loss of SecB in
some organisms has to be assumed. Nevertheless, the reader should keep
in mind that for SecB homologues, other than those found in
Proteobacteria, a function in protein translocation remains to be
established.
Trigger factor is a ribosome associated chaperonewith peptidyl-prolyl
isomerase activity and contains a peptidyl-prolyl isomerase domain, a
substrate (peptide) and a ribosome binding site. It is involved in
the discrimination between the SRP and the SecB-dependent pathways
[44–46], but a general function in the initial folding of proteins has also
beenproposed [47]. The protein canbe found in all phyla analyzed (Fig. 5)
and can therefore be considered universal. The initial pathway for protein
translocation across the plasma membrane might therefore have been
based on trigger factor and SecA. This idea is supported by the
identiﬁcation of both proteins in Chloroﬂexus aurantiacus and Dehalococ-
coides sp. VS,whichare considered tobeclosely related to themost ancient
Fig. 6. Phylogeny of SecB sequences. Sequences coding for SecB fromα, β, γ, δ, ε and ζ Proteobacteria, from Bacteroidetes, Firmicutes, Fusobacteria, Planctobacteria, Sphingobacteria,
Tenericutes and Thermotogae were collected from the PFAM database [192] and aligned with MAFFT v6.708b (for accession numbers see supp. Materials) [193]. A maximum
likelihood phylogeny with gamma-distributed rates and the WAG model [194] was reconstructed with IQPNNI v3.3.1 [195]. From 100 non-parametric bootstrap trees the support
values for the branches were calculated with TREE-PUZZLE [196]. The darker the shades of grey of the branches are, the higher is the support value of the branch (see upper inset for
scale). The clades of the tree are assigned. The lower inset shows the expected distribution of the phyla according to Fig. 2. The abbreviations of species names are described in the
Supplementary data.
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ribosome-nascent chain complexes to the SEC translocon [48]. Hence,
trigger factor might have initially competedwith Ffh to allow targeting of
the ribosome by SecA to the plasma membrane.
Remarkably, the putative substrate binding groove of trigger factor
is structurally related to that of the periplasmic chaperone SurA [49],
but the groove in SurA is somewhat smaller than that of trigger factor.
This is consistent with the proposed general chaperone function of
trigger factor in contrast to the specialization of SurA for unfolded
outer membrane proteins. SurA appears to have been evolved
subsequent to the branching of Cyanobacteria (Fig. 5). Sequences
with the SurA signature, however, can be found in Herpetosiphon
aurantiacus (Fig. 5), Chloroﬂexus aurantiacus J-10-ﬂ (YP_001636650),
Roseiﬂexus castenholzii DSM 13941 (YP_001431730) and other
bacteria of the class chloroﬂexi in the phylum of Chloroﬂexi. In
contrast, we did not ﬁnd sequences with this signature in bacteria of
the Thermomicrobia or Dehalococcoidetes class from the same
phylum. This suggests that the occurrence of a SurA-like component
in these bacteria may be a result of convergent evolution rather than
an indication of the loss of SurA in the other phyla. In addition, it
cannot be excluded that the identiﬁed proteins have a function
distinct from protein translocation.
The other two soluble periplasmic components described to be
involved in chaperoning outer membrane proteins, skp and degP [50]
were also absent before the split of Cyanobacteria from the tree and
hence cannot be assumed to represent an initial periplasmic
chaperoning system. Interestingly, overlapping substrate speciﬁcity
was observed for the periplasmic peptidyl-prolyl cis-trans isomerases
PpiD and SurA that are required for the folding of outer membrane
proteins [51]. ppiDwas isolated as a multicopy suppressor of surA [52]
and it is currently thought that the plasma membrane anchored PpiD
is involved in the release of proteins from the SEC translocon,
including the outer membrane proteins [53]. A homologous protein
can be identiﬁed in all species we have analyzed (Fig. 4). However, thesequence found in Meiothermus silvanus representing the phylum
Deinococcus-Thermus, does not contain a N-terminal membrane
domain but instead a secretion signal. For the sequence found in
Anabaena sp. PCC7120 (encoded by the gene all7316) even the
presence of a secretion signal is unclear and a function of the encoded
protein in the intermembrane space remains to be conﬁrmed.
However, the existence of sequences homologous to PpiD together
with the sequence or structural relation between PpiD or trigger
factor and SurA prompts us to suggest that PpiD could be a component
that evolved early. SurA might have originated from a periplasmic PPI
or a trigger factor like protein, which also contains a PPI domain, in
order to catalyze the transfer of outer membrane proteins (OMPs)
across the periplasm.
In the outer membrane, the bacterial protein Omp85 acts as a
“chaperone” for the integration of bacterial outer membrane proteins
[54], similar to the YidC protein in the plasmamembrane. Omp85 is one
of the oldest outer membrane proteins known [55] and has been
proposed to have evolved from three different proteins. A β-barrel
protein containing eight beta strands was ﬁrst inserted into the
outer membrane (Fig. 7A) [55]. This is supported by the existence of
the8-strandedβ-barrelOmpAbut absence ofOmp85 inDehalococcoides
sp. VS. The 16-stranded β-barrel (based on the structure of FhaC [56])
then developed by gene duplication or fusion of two distinct genes
encoding 8-strandedβ-barrel proteins. This pore-formingbarrel protein
can be envisioned as the initial receptor for OMPs. This assumption is
based on the idea that the pore rather than the periplasmic domain of
Omp85 recognizes themostC-terminal phenylalanineofOMPs,which is
found to be the essential signal for the insertion of the OMPs into the
outer membrane [57,58].
The large pore formed by the 16-stranded β-barrel of Omp85
might have compromised the function of the outer membrane as a
barrier, leading to addition of a “plug” in the form of the N-terminal
portion. Alternatively, the N-terminal domain might represent an
additional receptor domain. Its fusion to the barrel might have
Fig. 7. The evolutionary distribution of Omp85 proteins. (A) The evolutionary occurrence of Omp85 proteins is shown. Grey lines indicate the absence of Omp85 and circles indicate
primary or secondary endosymbiotic events. The model proposed by Bredemeier and coworkers [55] is indicated on the right and discussed in the text. The blue line at the bottom
indicates where proteins are assigned as Omp85, the green line the assignment as Toc75 and the orange line as Sam50. (B) A model for the evolutionary development of the
periplasmic POTRA domains is shown. Red arrows indicate module addition, and green arrows module los. The tree is equivalent to the one shown in (A) and numbers are according
to the observations presented in many manuscripts [e.g. 55,60,61,173,174,197 and references therein]. (C) The evolutionary occurrence of the outer membrane components of the
two-partner secretion system is superimposed as a red line on the graph shown in (A). In addition, the branch leading to eurybacteria is included.
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outer membrane. In general, the N-terminal domain is divided in
structural units annotated as polypeptide-transport-associated
domains (POTRAs) [59]. It has been proposed that only one POTRA
element is sufﬁcient to mediate receptor function [60,61], which
coincides with the observation that the number of POTRAs varies in
Omp85 proteins from different species. Interestingly, in Chloroﬂexi
the division protein FtsQ contains a single POTRA [62] exposed to the
periplasm [63] and it appears likely that this domain was “stolen” for
use in the context of Omp85. Subsequent evolutionary development
of Omp85 has generally resulted in an increase in the number of
POTRA domains found in proteobacterial Omp85 proteins today.
Considering that Omp85 initially possessed a single POTRA domain, it
can be suggested that before the branching of Deinococcus-Thermus,
a second POTRA domain occurred (Fig. 7B), because the sequences of
the last two POTRA domains of all Omp85 and Toc75 proteins cluster
together (Schleiff, unpublished observation). Subsequently, the
number of POTRAs evolved independently in the different phyla.
Remarkably, proteins of the two-partner secretion family, such as
FhaC (Bordetella pertusis) or ShlB (Staphylococcus aureus) [64] are
related to the proteins of the Omp85 family [e.g. 65]. Indeed, structure
determination [56] conﬁrmed that the outer membrane component
contains two N-terminal POTRA domains [59] and the motifs charac-
teristic for the β-barrel, such as the internal loop and one β-sheet found
in Omp85 and its eukaryotic relatives Toc75 and Sam50 [65,66]. The
two-partner secretion system is typically found in Proteobacteria, but
recently a similar systemwas identiﬁed in Fusobacterium nucleatum and
in Anabaena sp. PCC 7120 [67,68]. Even though a function in secretion
has not yet been conﬁrmed for these genes, it is likely that the outer
membrane component of the two-partner secretion systemhas evolved
before Cyanobacteria branched off from the branch leading to
Proteobacteria (Fig. 7C). This is in line with the presence of two
POTRA domains in these proteins.
For the membrane component of the two-partner secretion system
an evolutionary relation to autotransporters was proposed as well [69].
Autotransporters are predominantly found in Proteobacteria, but related
sequences were also detected in Planctobacteria (Clamydia) and
Cyanobacteria (Anabaena sp. PCC 7120) [68,70]. The hypothesis of an
evolutionary relation between autotransporters and the outer mem-
brane component of the two-partner secretion system was based on i)
the comparison of the global functional mechanism, ii) the comparison
of the primary amino acid composition and iii) preliminary phylogenetic
analysis. This interpretationwas, however, immediately questioned by a
response to the article [71]. The authors of the response pointed out that
themode of action is not as similar as discussed, and envisioned the two
systems as “convergent solutions” for protein secretion. This view is
supported by several lines of evidence; i) autotransporters do not
contain POTRAdomains (not shown), ii) theirβ-barrel is composedof 12
β-strands irrespective of whether the autotransporter is monomeric[72,73] or trimeric [74] and iii) it has been proposed that the passenger
domainhas spreadbyhorizontal gene transfer leading to theassumption
thatmost autotransporters have evolved by fusion between a passenger
and β-domain [64]. All of these observations contradict an evolutionary
relation to the two-partner secretion system. One could even suggest
that, basedon the fusionproteins found inProteobacteria, thesemightbe
able to acquire new autotransporters even today if required. This idea is
based on the fact that the phylogenetic relation among autotransporters
is based on the passenger domain rather than the transporting β-barrel
[64,75]. We therefore follow the view that autotransporters and outer
membrane components of these two types of secretion systems share
the same common root as far as the evolution of the β-barrel is
concerned, but have entered individual evolutionary paths before
Cyanobacteria branched off from the route to Proteobacteria.
We conclude that the increasing complexity of the bacterial
membrane systems coincided with an increase in complexity of the
existingprotein translocation systems. Translocationmachineries arewell
suited to study the origin and the treeof life [19,76]. As concerns theorigin
of life, Cavalier-Smith [19] discusses a second alternative root within
Endobacteria or between Endobacteria and Actinobacteria. Based on the
available data on translocation systems this root appears unlikely. The
complexity of, for example, the SecYEG complex would have been
decreased in evolution (Fig. 3). The same holds true for the cytosolic
targeting system (Fig. 5) and even for the OMP insertion machinery
(Figs. 5 and 6). The loss of Omp85 and at the same time occurrence of
OMPs in the phylumChloroﬂeximost strongly contradicts this alternative
root.
3. From prokaryotes to eukaryotes
Further subdivision of cells during evolution into membrane-
surrounded compartments and the resulting spatial uncoupling of
protein synthesis and protein function required the development of
novel protein targeting and translocation systems within cells. The
subdivisions occurred by different processes. Mitochondria and
plastids are indisputably derived from endosymbiotic processes
[77,78]. In contrast, peroxisomes are the consequence of intracellular
membrane formations. The original idea of an endosymbiotic origin of
this organelle [e.g. 79] had to be rejected based on the proteomic
composition [80] and de novo formation of these organelles from ER
membranes after their depletion [81]. The origin of the nucleus and
the surrounding membrane system, including the endoplasmic
reticulum is, however, still under debate. Various models for the
origin of the nucleus have been proposed [82]. It has been discussed,
for example, that the nucleus might be the result of intracellular
membrane formation or of viral origin [e.g.83–87]. In general, each
membrane-bound compartment is supplied with proteins that have
been translated in the cytosol, even the compartments of endosym-
biotic origin. The latter situation is a result of the massive gene
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host [88–90]. During evolution of eukaryotic cells, ancestral concepts
were used as seen for the Omp85 [e.g.54,91], Oxa1/YidC/Alb3 [15] or
the SEC translocon including the channel protein termed Sec61 in
eukaryotes [12]. However, the requirement for speciﬁcity and
regulation of protein translocation across membranes enforced
alterations in the old concepts and the integration of new components
into the translocation complexes.
4. Eukaryotic protein transport and translocation systems
The last common eukaryotic ancestor (LCEA) was proposed to have
been already compartmentalized, possessing mitochondria, peroxi-
somes, and an endomembrane system [92]. Hence, the development of
basic eukaryotic translocation systems must have been initiated before
the LCEA. In eukaryotes, the translocation systems can be divided into
systems directly targeting soluble proteins [6,7,93] and vesicle-
mediated translocation systems [94,95]. Even though it is tempting to
assume that the latter is a eukaryotic invention thatwas required due to
the separation of the eukaryotic endomembrane systems and the
plasmamembrane [96], the literature discusses both an endosymbiotic
and an autogenous origin [97]. Indeed, Vps29 a central subunit of the
retromer vesicle coat shares similarity with bacterial phosphoesterases
[98], which may suggest an endosymbiotic origin. In the absence of
further support for this hypothesis, however, it should rather be seen as
the “recycling”of a hostprotein of prokaryotic origin for anovel function
in vesicle transport. In line with the notion of a fully developed
endomembrane system in the LCEA, the analysis of the hetero-
tetrameric adaptor complexes [99] or of the Rab5 family [100] supports
a common eukaryotic origin of the rudimentary vesicle transport
system. As for the translocation systems discussed below, however, the
diversiﬁcation of the multi-component system set in after the LCEA, as
demonstrated for the example of adaptins acting as cargo selectors for
vesicles entering the endocytic system [97].
The systems that directly deliver the synthesized precursor
proteins to the target membrane, and that catalyze the integration
into or the transfer across the membrane, are structurally and
functionally diverse. Nevertheless, a general scheme applies to these
pathways. First, the precursor proteins are synthesized in the
cytoplasm and contain an organelle-speciﬁc signal. This signal is
both required and sufﬁcient to drive the targeting and the translo-
cation process [101–105]. Secondly, transport of the precursor
proteins to the targeted membrane occurs in an import-competent
form, which involves the interaction with cytosolic components.
Thirdly, the precursor and/or the transporting proteins have to be
recognized by receptors at the organellar surface. Fourth, a translo-
cation channel has to be present in the target membrane that drives
the transfer of the substrate protein across the membrane or its
integration into the membrane itself [6,7]. Despite these common
principles the protein translocation systems can be further classiﬁed
by speciﬁc properties. For instance, two distinct principles exist with
respect to the folding state of the precursor protein. Here, precursor
proteins can be translocated either in a folded (known for nucleocy-
toplasmic [106], peroxisomal [107] or TAT-dependent translocation
[28]) or unfolded state (across the envelope membranes of mito-
chondria [108], chloroplasts [105], or the endoplasmic reticulum
membrane [109,110]). A further way to discriminate between the
translocation systems is the localization of the initial receptor
complex. In case of nuclear or peroxisomal translocation, the
substrates are recognized by soluble receptors, which themselves
act as translocators. In all other systemsmembrane-inserted receptors
warrant recognition and speciﬁcity. The membrane-inserted receptor
proteins are classiﬁed into two categories. One set recognizes the
“transporters” involved in precursor protein delivery, e.g. chaperones,
whereas receptors belonging to the other set recognize the precursor
protein itself.4.1. The peroxisomal transport and translocation systems
In case of peroxisomal proteins, folded precursors are recognized by
the soluble receptor components Pex5 or Pex7, which recognize the
peroxisomal targeting signals 1 or 2, respectively [111]. Pex5 and Pex7
shuttle between the cytosol and the peroxisomal membrane and
evidence accumulates that Pex5 even forms the translocation pore for
the cargo protein [112]. In line with the origin of peroxisomes from the
endomembrane system [80] the translocation is envisioned to have
evolved from an ancestral ER-associated degradation system (ERAD,
Fig. 8) [80,113]. In particular, a relation between Pex5 and the
tetratricopeptide repeat domain-containing proteinHrd3was proposed,
but a clear phylogenetic relationbetween the twoprotein classes has not
yet been established. From the phylogenetic analysis of Pex5 it has to be
concluded, however, that the initial translocon evolved before the LCEA
(Fig. 8) [114]. The origin of Pex7 remains unknown, but an early
eukaryotic origin was suggested as well [80,113]. Pex7 forms species-
speciﬁc complexes with several components including Pex20 (Neuros-
pora crassa), Pex21andPex18 (Saccharomyces cerevisiae), andeven Pex5
(mammals). The corresponding interaction partners have evolved
subsequent to the LCEA (Fig. 8). Thereby, one could suggest Pex5 and
possibly Pex7 as initial transport and even translocation machinery for
peroxisomal proteins. Especially for Pex5 this appears likely because this
protein fulﬁls the function as cytosolic receptor and translocation pore
[111,112]. Whether this holds true for Pex7 remains unknown. The
peroxisomal membrane proteins are recognized by a third soluble
receptor, Pex19, for which a chaperone-like function is proposed [111].
The protein could be identiﬁed in fungi, mammals and plants, but is not
commonly detectable in all eukaryotic genomes and does not show a
similarity to prokaryotic proteins. Therefore, based on the present
knowledge it has to be assumed that Pex19 developed after the LCEA.
4.2. The evolution of the nucleocytoplasmic transport system
The nucleocytoplasmic transport system is the most complex system
found in theeukaryotic cell [2,106].Nucleocytoplasmic transportproceeds
through nuclear pore complexes (NPCs) that penetrate the nuclear
envelope andallowpassive diffusionof particles below the exclusion limit
of 20–40 kDa,while larger components need to interactwith ameshwork
of nucleoporin repeats during translocation [115]. The evolutionary origin
of components involved in nucleocytoplasmic transport (the Ran system,
transport receptors, nucleoporins) has been discussed before, and the
LCEA can be expected to have possessed all principle components of this
machinery [e.g. 83,85]. Some nucleoporins themselves have been
proposed to share structural features, such as similar arrangements of
α-helical (α-soleniod fold) and β-propeller modules, and their evolu-
tionary originwith vesicle coat proteins [83,116,117]. Thiswas seen in the
context of a possible role for nucleoporins in membrane curvature of the
nuclear envelope at NPCs [116]. In addition, NPCs and COPII vesicle coat
complexes are known to share a protein, Sec13, and the hypothesis of a
common origin for components of the two systems has been strongly
supported by recent structural analysis of nucleoporins and NPC
subcomplexes [118–120]. Within the eukaryotic tree, the primary
sequence conservation between nucleoporins from different species is
generally low, while at the structural level a high degree of conservation
can be observed and the general architecture of NPCs is thought to be
conserved since the LCEA [121,122].
Fully folded proteins are transported through NPCs in both
directions by shuttling receptors (e.g. Importin-β, CRM1). The shuttling
system is thought to have evolved from an ancient Importin-α-
independent Importin-β-like progenitor [123]. Importin-β is charac-
terized by a sequence of HEAT repeats, which is a structural motif that
can be found in prokaryotic proteins aswell [124]. This shuttling system
might thus again have been evolvedby “recycling” a prokaryotic protein
for a novel function in the eukaryotic context. Based on sequence
similarity between the HEAT repeats of Importin-β and the Armadillo
Fig. 8. The evolution of the eukaryotic recognition and translocation systems exposed to the cytosol. A scheme of a plant cell is presented to visualize the most complex eukaryotic
membrane system. The vacuole (V), mitochondrium (M), chloroplast (C), peroxisome (P), nucleus (N), endoplasmic reticulum (ER), Golgi apparatus (G), and the plasma membrane
(PM) are shown. Numbers labeling intracellular locations of post-translational targeting are boxed. Frames on the right and below the scheme show the occurrence of the
components involved in post-translational targeting with respect to the prokaryote to eukaryote transition (PtE) and to the last common eukaryotic ancestor (LCEA) as determined
by reverse blast search. The genes/proteins mentioned are described in the main text. Solid lines indicate conﬁrmed occurrence and relation. Dotted lines indicate a possible relation
based on the identiﬁcation of a protein with similar fold/function. Some such correlations have been proposed previously, but the phylogenetic relations remain to be conﬁrmed. A
short line behind the LCEA indicates that the protein/gene is only present/identiﬁed in few but not all eukaryotic species.
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α and Importin-β evolved in tandem, probably from an Importin-α-
independent Importin-β. Goldfarb and colleagues argue that this theme
is further supported by the structural similarity of the two repeats [125].
However, this appears unlikely as outlined by Andrade and coworkers
[126]. The repeats within one class (HEAT or Armadillo) are more
similar to each other than to the other class [see also 127]. Hence, the
repeats themselvesmight have originated froma common ancestor that
possessed a single repeat and which might have formed oligomeric
complexes to bury hydrophobic residues, while still exposing some
hydrophobic sites for interactionwith nucleoporin repeats. Therefore, it
is most likely that the importins have evolved independently from a
common ancestor containing a single repeat (Fig. 8). The Importin-β-
like transport system further depends on the action of the small GTPase
Ran. Based on the observation that NTF2 mediates the import of Ran
rather than importins [115] and that Ran is related to Ras proteins (with
the exception of the acidic C-terminus), which have a prokaryotic
ancestor [128], it is reasonable to assume that Ran shuttling evolved
independently of the importins, but probably early in the evolution of
the nuclear transport machinery.
4.3. The distribution of tail-anchored proteins
In contrast to the post-translational targeting pathways described
above, the information on cytosolic soluble factors involved in post-
translational targeting to chloroplasts, mitochondria and to the
endoplasmic reticulum is rather limited. It appears that both, the TAT
and the YidC pathway have been lost during the evolution of the
cytosolic endomembrane system. In yeast, a post-translational pathway
for secretory proteins to the endoplasmic reticulum depending onHsc70 (Ssa1p) andHsp40 (Ydj1)was described [129,130]. This pathway
is further modulated by BAG1 [131]. A second pathway for the post-
translational targeting of tail-anchored proteinswas recently identiﬁed,
involving a transmembrane domain (TMD) recognizing complex (TRC)
[132]. The central component of the complex is Asna1/Get3, which is
homologous to the bacterial ATPase ArsA [133]. Its structure is related to
that of the NTP-binding proteins of the SIMIBI subclass, such as the
signal recognition GTPases [134,135]. The pathway itself appears not to
be essential in yeast, but it is in mouse [136]. This differential
requirement might be explained by the exclusive existence of Sec72
in fungi [114], where it warrants the speciﬁcity of the Hsp70 targeting
pathway. Deletion of the Asna1 pathway in yeast may be compensated
by targeting of substrates via Hsp70. The absence of a speciﬁc receptor
for the Hsp70 delivery in mammals, however, causes mistargeting of
proteins due to the loss of the TRC route and thereby lethality. The TRC is
recognized by a complex composed of Get1 and Get2 in yeast [137].
Albeit experimental evidence is missing it has been suggested that the
congenital heart disease 5 (CHD5)/tryptophan-rich basic protein
(WRB) could be a Get1 homologue in mammals [137]. Even though
Get1 belongs to the CHD5 (Congenital heart disease 5) superfamily, this
connection is rather questionable at sequence level. The sameholds true
for Get2, for which no clear homologue could be identiﬁed inmammals
(Fig. 8). Hence, more detailed functional analyses are required to
understand the post-translational targeting as well as the differences in
this process in mammals, plants and fungi. This is of particular interest
for plants where targeting of tail-anchored proteins to the endoplasmic
reticulum is not necessarily deﬁned by a negative or null charge of the
luminal domain. For instance, both cytochrome b5 isoforms in A.
thaliana have the same positive C-terminal charge, but are differentially
targeted to the endoplasmic reticulum and to chloroplasts [138].
Fig. 9. The evolution of the translocating complexes in the inner and outer membranes of
endosymbiotically derived organelles. The ﬁgure shows the evolutionary occurrence of
different components of the mitochondrial and chloroplast translocons. Here, all
components are included even though they might not be discussed in detail in the text.
(A) The components of the mitochondrial outer membrane translocon, the outer
membrane localized β-barrel protein assembly machinery, the inner membrane
translocon and its energizing machinery, the machineries facilitating insertion into the
inner membrane from the intermembrane space (import) or from the mitochondrial
matrix (export), and the complex oxidizing intermembrane space proteins are shown.
Please note that the two intermembrane space complexes involved in distributing the
incoming proteins to the corresponding machineries, namely Tim9/10 and Tim8/13 are
absent as their function is not mentioned in the manuscript. (B) The translocon of the
chloroplast envelopes is shown according to the scenario discussed in the text. Tic21 [198]
is excluded as it is currently under debate whether it is indeed a translocon component.
(C) The color code used in (A) and (B) is explained. In case of direct functional relation to
bacterial proteins the corresponding derivative is shown in black. If a protein with
(putative) distinct function can be envisioned as ancestor of a translocon subunit, the
subunit is shown in grey. Proteins found in all analyzed organisms but without a clear
relative in bacteria are shown in light yellow, proteins found inmetazoan, fungi and plants
in yellow. If sequences are found in mammals or only in fungi, violet or brown is used,
respectively, if theyoccur inbothgroups theprotein is depicted in red. If proteins are found
in algae and plants the protein is shown in green and if proteins only occur in higher plants
the protein is shown in light green. Exceptions are in (A) Tom20 and Tom22, which
developed differently in plant and fungi/metazoa and in (B) Toc12 has never been
analyzed with respect to its phylogeny even thought the J-domain suggests a relation to
DnaJ [199].
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organelles
The transport of precursor proteins to chloroplasts and mitochon-
dria requires the aid of molecular chaperones, mostly of the Hsp70
type [139]. The contribution of Hsp90 to the cytosolic transport
process was also recently documented for mitochondrial and
chloroplast precursor proteins [140–143]. These chaperones are
recognized at the surface of the membrane by embedded receptors.
The phylogenetic analysis of these two chaperone classes demon-
strated a prokaryotic origin for both Hsp70 and Hsp90 [144–146].
However, members of these chaperone families are involved in
multiple pathways within the cell [147] and chaperones specialized in
the targeting process remain to be identiﬁed.
The mitochondrial translocon of the outer membrane in Saccha-
romyces cerevisiae consists of the ﬁve cytosolically exposed receptor
proteins Tom5, Tom20, Tom22, Tom70, and the pore-forming Tom40
[108]. In addition, a role for Tom34 in precursor protein targeting and
translocation in mammals has been proposed [148]. Two further
components, Tom6 and Tom7, are present in the Tom complex. These,
however, have been proposed to modulate the dynamic assembly of
the outer membrane translocon rather than exhibiting a direct
receptor function [149]. The most ancestral complex was proposed
to have consisted of Tom40 [150,151], which originated from a
bacterial β-barrel protein of the usher type according to Cavalier-
Smith [76], and of Tom22 and Tom7 that can be found in all eukaryotic
species (Fig. 9) [152]. Subsequently, Tom6, Tom70, and Tom20 would
have been added to the complex to increase the efﬁciency of protein
import [150,151].
The molecular features of the putative Tom22 homologues are
quite distinct. While Tom22 proteins in fungi and mammals contain
an acidic domain on both faces of the membrane, Tom22 in plants,
diatoms and apicomplexa has a basic N-terminal domain that is
exposed to the cytosol. Based on sequence conservation it can be
speculated that the N-terminal acidic domain was developed in
evolution after the split between plants and metazoa/fungi, and that
the diversity between fungi and animals is the result of subsequent
sequence evolution. That Tom22 is prone to evolutionary adaptation
is supported by the observation of “domain stealing” during evolution,
observed by comparison of Tom22 from Saccharomyces cerevisiae and
Saccharomyces castellii [153].
Based on the acidic clusters in fungal Tom components, an “acid
chain hypothesis”was formulated for the transfer of substrates within
the Tom complex [154–156]. This is now considered as “binding chain
hypothesis,” since e.g. the interaction of substrates with Tom20 is not
manifested by electrostatic interactions [e.g. 108]. The ﬁrst receptor of
this chain would be Tom20, which as mentioned above might be a
subsequent evolutionary invention to enhance translocation speciﬁc-
ity [150,151]. As for Tom22, Tom20 varies between fungi/metazoa
and plants, but also between fungi and mammals. The plant receptor
has an opposite topology as compared to the fungal protein [157].
Furthermore, it contains two tetratricopeptide repeat (TPR) motifs
[158], whereas the fungal homologue has only one such motif. In
vertebrates two distinct Tom20 molecules have been found [159].
Here, type II Tom20 is characterized by a speciﬁc glutamine face,
which is exposed to the outside of the molecule based on homology
modeling [160,161]. This motif, however, is not present in plant or
fungal homologues. Hence, parallel evolution possibly of a mem-
brane-attached TPR domain-containing protein has to be assumed as
a ﬁrst step and subsequent diversiﬁcation in vertebrates as a second
step.
Following the binding chain hypothesis, Tom5 represents the last
receptor before the import substrate contacts the translocation
channel Tom40. Tom5 has a helical transmembrane region and
should thus be considered to be a eukaryotic invention. In addition,
the receptor is dispensable for translocon function, based on itsabsence from, for example, the reduced translocation systems of
microsporidian mitosomes [162]. The protein was, however, found in
plants, fungi and mammals [163–165]. Search for sequences coding
for Tom5 related proteins by BLAST using three conﬁrmed candidates
from human, S. cerevisiae and Arabidopsis yielded sequences in lower
eukaryotes. The relation to Tom5 could not be conﬁrmed by
constructing a Hidden Markov Model (not shown) and hence at
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The absence of Tom5 from microsporidia [162] might suggest its
absence from lower eukaryotes, as previously suggested [76]. This
might indeed suggest that Tom5-like components in plants could
have evolved independently from Tom5 in the fungi/metazoa branch
of eukaryotes.
Tom70 and Tom34 have evolved after the LCEA and are thus not
common to all eukaryotes. Tom34 only exists in mammals, whereas
Tom70 can be found in metazoa and fungi [114]. In yeast, Tom70 is
homodimeric [166,167] and recognizes the cytosolic complexes
delivering inner membrane proteins [141,168]. This interaction is
mediated by a clamp type TPR domain, which recognizes the
conserved C-terminus of the chaperone [141]. TPR-motifs can be
found in prokaryotic proteins as well [114], which lead to the proposal
by Kutik and coworkers that Tom70 represents a “conserved bacterial
sequence with new function in eukaryotes” [169]. Remarkably,
Tom70 is not present in plants but it is functionally replaced by a
protein homologous to the chloroplast receptor Toc64 (Toc64-V)
[170]. In linewith this interpretation, amutation of TOC64-V results in
a reduction of translocation of the FAd-subunit of mitochondrial ATP
synthase into mitochondria [171]. Hence, Tom70 must have originat-
ed after the separation of fungi and metazoa from the plant lineage
[114].
After translocation across the outer membrane mitochondrial
precursor proteins are passed on to different machineries either for
the transfer into the outer membrane, for the translocation across the
inner membrane, for insertion into the inner membrane or for a
function in the intermembrane space. Insertion into the outer
membrane is facilitated by a complex containing Sam50, which is of
prokaryotic origin and belongs to the Omp85 family. The complex also
involves Sam37 and Sam35, which are distantly related to the
mammalian proteins metaxin 1 and 2 [172]. Similar components
can, however, be found in higher plants (e.g. encoded by At2g19080
[171]), but not in red or green algae. Whether this points to gene loss
or independent evolutionary relation remains to be established. Kutik
and co-authors even argued that Sam35 and Sam37 might have
originated from the glutathione-S-transferase as they still contain
characteristic “hallmarks” [169]. Hence both components might have
evolved before the split between plants and fungi/metazoa (Fig. 9A).
The evolution of this complex is discussed in more detail elsewhere
[173–175]. The translocation across the inner membrane involves a
complex with the central components Tim23 and Tim17, which
belong to the precursor protein and amino acid transporter (PRAT)
family. This protein family also includes the component of the
prokaryotic amino acid permease LivH [for discussion see
150,169,176]. The translocation process is energized by the Pam
machinery together with Tim44 and Hsp70. The latter two compo-
nents are clearly of prokaryotic origin [150,177]. Insertion into the
inner membrane is driven by a complex containing Tim22, which also
belongs to the PRAT family [176] and might therefore originate from a
bacterial ancestor [150,151]. The same holds true for the machinery
exporting proteins from the mitochondrial matrix into the inner
membrane, a process catalyzed by the Oxa1 protein [178]. Proteins
remaining in the intermembrane space are at ﬁrst oxidised by a
complex composed of Mia40 and Erv1. The latter protein is of clear
prokaryotic origin, whereas Mia40 cannot be found in all mitochon-
dria-containing organisms [179,180]. All central components of the
machineries were therefore inherited from the symbiont, and all
additional components evolved to optimize protein translocation.
The chloroplast translocon is composed of the cytosolically
exposed Toc64, Toc34 and Toc159 as well as of the pore-forming
Toc75 [e.g. 5]. Toc75 belongs to the Omp85 class [54] while Toc64 is a
protein with a tetratricopeptide repeat domain [e.g. 146]. The other
two components are GTPases of the translation factor (TRAFAC) class
[37], but differ in their domain structure. Toc34 only has a C-terminal
extension containing the transmembrane domain, but Toc159 has anN-terminal acidic domain (A-domain) and C-terminal a 52 kDa
domain containing the transmembrane anchor. Nevertheless, the
two GTPase domains share a high degree of similarity. Since GTPase
domain-containing proteins exist in bacteria it is reasonable to
assume that both proteins originated from a prokaryotic GTPase
(Fig. 8). Bodyl and coworkers even propose that the origin of Toc159
could be seen in its M-domain [181]. This assumption is based on the
observation that the deletion of the gene coding for Toc159 can be
complemented solely by the M-domain [182]. An alternative
explanation might well be, however, that this M-domain became
essential in the context of the Toc complex in the course of evolution.
Kalanon andMcFadden described the existence of a Toc159 and Toc34
homologue in the green algae Chlamydomonas reinhardtii, Ostreococ-
cus lucimarinus and Ostreococcus tauri as well as in the red algae
Cyanidioschizon merolae [183]. This might suggest that Toc159 and
Toc34 originated early in parallel to the development from the
engulfed Cyanobacterium to the plastid and that Toc75, Toc34 and
Toc159 could thus be considered as the evolutionary core of the
complex (Fig. 9B), comparable to Tom40, Tom7 and Tom22 in
mitochondria. If one follows this comparison further, one could
hypothesize that the core complex of the translocon of endosymbio-
tically derived organelles contained a translocating component, a
precursor-recognizing and a regulatory component. As the debate
about Toc function is still ongoing it will be interesting to elucidate in
future whether this notion is valid. It will also be of major importance
to obtain sequences from Cyanophora hosting the most ancient
plastid, the cyanelle [184]. Strikingly, a complex composed of Toc75
and other components was recently reported in cyanelles, migrating
at 550 kDa in a blue native PAGE analysis [185]. This is about 300 kDa
smaller than the complex found in pea [186] indicating that the
complex in cyanelles differs from that in higher plants.
In case of the inner chloroplast envelope translocon, many
components were found to have relatives in Cyanobacteria, indicative
of a prokaryotic origin of this complex (Fig. 9B) [183]. This applies to
the intermembrane space component, Tic22, and to the components
of the Tic-regulator complex [e.g. 5], namely Tic32, Tic55 and Tic62.
Remarkably, of the two Tic components suggested as the translocation
channel, Tic110 and Tic20, only Tic20 can be found in cyanobacteria
[183]. This might suggest that Tic20 could primarily have formed the
inner envelope translocon. The occurrence of Tic110 in red algae
could, however, also lead to the interpretation that the development
of Tic110 accompanied the establishment of the translocation of
precursor proteins into chloroplasts. Sequencing of Cyanophora will
likely solve this important issue. Nevertheless, the previous analysis
documents that an initial translocon was delivered by the symbiont
[for further details see e.g. 54,183,187].5. Conclusions
Taken together, prokaryotes have evolved various systems that
allow targeting and translocation of both folded and unfolded
proteins. Eukaryotes made use of this repertoire, modiﬁed it and
developed new components and pathways. In few cases even the loss
of complexes can be observed; for example TAT or YidC do not exist in
eukaryotic plasma membranes.
The adaptation of the ancestral targeting and translocation
systems was especially enforced by compartmentalization and
development of the eukaryotic endomembrane system. Nevertheless,
most eukaryotic translocation systems can be traced back to those
developed very early in the evolution of life. Hence, the evolutionary
analysis of translocation systems, one the one hand, identiﬁes the
central components of the complexes and factors that have regulatory
or catalytic functions. On the other hand, analyses of the evolutionary
diversiﬁcation of the transport machineries give insights into the
functional complexity of membranes and cellular systems.
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